Introduction {#s0005}
============

Hip fracture risk increases exponentially with age but unlike vertebral fracture its incidence varies widely between populations [@bb0005]. Patterns of exponentially increasing disease incidence are typically associated with multiple causes [@bb0010]. Conventionally, hip fractures are classified into two main types: cervical and trochanteric. The former have offered more possibilities of clinical investigation because it is common practice to insert a prosthesis making the fracture site recoverable; but investigators have had modest success in differentiating hip fracture types by clinical risk factors and geometry [@bb0015]. Normal younger adult bone has excellent mechanical properties resulting from its nature as a composite material formed of mineral and matrix that limits the occurrence or spread of damage. Damage control mechanisms are found at every length scale, from that of the individual collagen molecule to the grand scale of society itself, which aims to minimize trauma. Here we review our understanding of how the skeleton progressively loses its remarkable mechanical properties. Age-related hip fragility is considered from the patient\'s perspective: what led her, or increasingly his, femur to fracture when it would not previously have done so [@bb0020]? A secondary theme is the underappreciated relevance of modern research on structural failure in complex systems both biological and non-biological.

The femoral neck functions as a lever. In levers, resistance to fracture depends on their mass and geometry as well as on their material properties. To date, local bone mass is the only related factor accepted as a clinical measure of hip fracture risk [@bb0025; @bb0030], commonly referred to as "bone density": this is a ratio of mass to femoral neck width over a standard length of 15 mm (here referred to as aBMD with units of g cm^− 2^). The other risk factor routinely considered clinically is a patient\'s age as a surrogate for various other unquantified factors. Yet, after accounting for age, mortality and aBMD, as well as other factors used in several guidelines, Kanis et al. were unable to account for the more than 10-fold geographical differences in risk of hip fracture seen worldwide [@bb0005] making it necessary to examine hip fracture at a more fundamental level.

Ageing and the hip {#s0010}
==================

Scientific interest in the proximal femur has been partly driven by the attractive hypotheses its cantilevered shape encouraged regarding the effects of mechanical forces on bone [@bb0035]. A detailed study of the anatomy of the cadaveric femur led Backman to suggest that the femur was weaker in a fall onto the greater trochanter than in stance [@bb0040]. Hirsch and Brodetti removed the proximal femur\'s internal trabeculae, finding that this reduced its strength [@bb0045]. Throughout the 19th and 20th centuries, the relative importance of nutritional or sunlight deficiencies, lifestyle, generalised osteoporosis and age-related changes in the properties of the collagenous matrix of bone in the developing fragility of the elderly hip were debated [@bb0035; @bb0050; @bb0055]. Disquietingly, 50% of elderly hip fracture cases are not classified as being osteoporotic by densitometry [@bb0005]; and while elderly UK hip fracture cases had femoral neck cortices thinned locally by up to 30% compared to controls [@bb0060; @bb0065], they also had normal-for-age femoral neck trabecular bone density [@bb0070; @bb0075]. Meanwhile, non-First World populations such as elderly Mediterranean and West African women farmers have relative freedom from hip fractures [@bb0080; @bb0085; @bb0090] despite falling and frequently being osteoporotic by First World standards [@bb0090]. The role of the non-mineral collagenous matrix in fracture resistance has been underestimated until recently. Changes to inter- and intrafibrillar collagen cross-linking, as well as collagen content, can reduce the energy required to cause bone failure (through reducing the material property called toughness), and increase fracture risk, particularly with accumulation of advanced glycosylation end products (AGEs) as occurs especially in diabetes mellitus [@bb0095]. So, while collagen may have less effect on bone\'s strength and stiffness [@bb0100] than does mineral, it may have a much greater effect on bone fragility [@bb0050].

Up to now, bone quality as the sum of characteristics other than its mass that influence a bone\'s resistance to fracture has been difficult to assess [@bb0105]. Yet studies of normal ageing have provided clues. Younger people have much thicker supero-lateral femoral neck cortices than older people [@bb0070]. This contrast was attributed to reduced variety of physical activity so that walking, the principal physical activity of our later years, might be insufficient to maintain the strength of a cortex that is mechanically sensitive and adapts structure over many length scales to function [@bb0110]. Even in historical times, the geometry of the European proximal femur appears to have become more fragile as physical activity patterns have become more sedentary [@bb0115].

If an unaccustomed heavy load is experienced by a young person\'s femur, (as occurs in contact sports) there is high resistance to crack initiation, extension and consequent fracture [@bb0120]. The energy of a sideways fall must be dissipated and absorbed in the whole femur and surrounding soft tissue. Fracture requires deformation of a bone beyond the point where its integrity can be maintained. If it is deformed without fracture, its shape may recover completely or nearly so. If deformation occurs under a sudden load that increases beyond the so-called yield point of the bone tissue, deformation is incompletely recoverable and is defined as "plastic" rather than "elastic". Once plastic deformation begins, bone tissue starts to harden and further deformation will eventually lead to complete rupture. Plastic strain reflects the absorption of the energy generated in a fall. The plastic strain that develops as a bone is loaded beyond its yield point may eventually lead to complete rupture; the amount of plastic strain a bone can tolerate before rupture may also decline as it ages [@bb0125]. A bone is characterised as being tough when it can tolerate a large amount of plastic strain, as the proximal femur is exposed to in a fall; or as brittle when it can only tolerate a small amount of plastic strain.

This intriguing preservation of bending resistance by the elderly hip, calculated from DXA-based hip strength analysis [@bb0130], alongside the failure of declining aBMD to explain much of the age-related risk of hip fracture [@bb0135] has triggered a re-evaluation of fracture mechanisms in old people.

Fracture resistance at multiple levels of organisation ([Fig. 1](#f0005){ref-type="fig"}) {#s0015}
=========================================================================================

All bio-mineralized structures are organised hierarchically over a wide range of length scales. In consequence, an effect observable at a microscopic level is clinically significant only if it results in reduced mechanical performance at a more macroscopic scale -- immediately or after some delay [@bb0140]. The highest level of defence against fracture, here called Level 1[1](#fn0005){ref-type="fn"}, is personal and societal and depends on modifying or adapting to the environment. Age-specific fall rates are quite variable with a tenfold range in the reported fall rates between the highest (Oslo) and lowest (Rotterdam) centres of the European Prospective Osteoporosis Study [@bb0145]. Environmental differences are not necessarily the cause of the higher fracture rates in "high fall rate" societies: the true cause might be differences in neurological, locomotor or muscular function between elderly populations, leading to impairment of the fall avoidance reflexes learned in childhood. Vitamin D may however play a role at several levels. At Level 1 it may contribute to defence against hip fracture since repletion may reduce fall rates in institutionalized fallers [@bb0150].

The second level of fracture resistance relates to the architectural structure of the femur as visible by the naked eye. The third level is provided by the femur\'s microstructure as visualized in conventional bone histomorphometry. Microscopic sculpting at this length scale is accomplished by teams of osteoblasts and osteoclasts organised into the multi-cellular Basic Metabolic Units (BMUs) which create structural units (BSUs) "glued" together by a collagen-poor osteopontin-containing cement [@bb0155] that appears as "cement" lines under the microscope. Fourth and higher levels of organisation (up to seven have been proposed) are common to the whole skeleton and extend from the micro- through the nano-scales.

[Fig. 2](#f0010){ref-type="fig"} is a cartoon showing risk mechanisms that might contribute to risk of hip fracture or its prevention at different hierarchical levels. We now examine organizational levels 2--4 for their involvement in fracture prevention in further detail.

Organisation level 2: Architecture {#s0020}
==================================

Alongside the material properties of bone tissue, the contribution of the femur\'s architecture to optimising the mechanical work needed to induce fracture has long been appreciated. Galileo argued that as mammals grow heavier, they need proportionately wider femurs to avoid fracture [@bb0160]. Darwin observed that the heavier wing and weaker leg bones of the wild compared to the domestic duck reflected different patterns of mechanical usage [@bb0165]. Wolff also proposed that bones adapt their internal structure efficiently so as to minimise the bending effects of the mechanical loads placed upon them [@bb0170]. Koch [@bb0175] then controversially [@bb0180] suggested that the architecture of cortical and trabecular bone in the femoral neck was ideally adapted to resist bending.

But compression can cause fracture in other ways. Bone (like marble, concrete and other familiar materials) can disintegrate by crumbling under high compression, while thin or unsupported bony structures may sometimes buckle at rather lower strains. Buckling explains the collapse of osteoporotic cancellous bone in the spine, which is made more likely as the disappearance of horizontal trabeculae results in fewer connections within the load-bearing vertical trabeculae [@bb0185]. In a fall onto the greater trochanter, the supero-lateral cortex, normally loaded weakly in tension, becomes heavily loaded in compression. Because of its thinness in the elderly [@bb0190], this cortex is a target for research into fracture prevention for its potential to buckle in a sideways fall.

Ageing effects {#s0025}
--------------

DXA-based in vivo 2D measurements were used to estimate the fall forces needed for fracture in bending by Yoshikawa et al. [@bb0195]. Engineers estimate resistance to bending by a structure\'s moment of inertia or by the related but size-adjusted property section modulus. Each of these depends on the bone\'s mass and width and the distance of each measured voxel of bone tissue from the bone cross-section\'s centre of mass. Yoshikawa et al. estimated moment of inertia assuming bending in a fall was in the plane of DXA measurement. It was found by using comparable methods that the section modulus of the hip remains nearly constant during normal ageing [@bb0200]. This contrasts with the fact that, from age 40, there is a 10-fold increase in hip fracture risk every 20 years [@bb0010]. Rapid loss of hip bending resistance does occur eventually, with the onset of frailty [@bb0130]. DXA aBMD typically declines somewhat faster than bending resistance. This is explained by the gradual widening of the femoral neck diameter with age [@bb0205], which for algebraic reasons reduces aBMD while it increases section modulus. Widening of the femoral neck is driven by periosteal bone formation associated with compensatory endosteal resorption [@bb0210] and is associated with markers of sex hormone deficiency [@bb0215].

These findings stimulated 3D studies, in and ex vivo. As we age, the contrast between the thickness of the infero-medial and the thinness of the supero-lateral femoral neck cortex increased because the infero-medial remained largely unchanged as the supero-lateral grew thinner [@bb0070; @bb0220; @bb0225]. This change had a small effect on bending resistance. But in a sideways fall, a thinned supero-lateral cortex taking the full impact load might fracture through being over-compressed and either crumble or buckle. Risk of buckling is also increased [@bb0075] because internally supportive trabeculae become less dense in the femoral neck [@bb0220; @bb0230] and inter-trochanteric regions [@bb0235]. Such trabeculae are potentially important because the force required for a structure to buckle is inversely proportional to its unsupported length.

Architectural changes associated with hip fracture: Fracture prediction {#s0030}
-----------------------------------------------------------------------

While unfractured controls showed small changes with age in DXA-assessed bending resistance, in female cases of hip fracture bending resistance was substantially reduced compared to controls, equivalent to 2 decades of age-related changes [@bb0130; @bb0240]. There was, however, substantial between-group overlap. Cases also had thinner [@bb0060; @bb0230] and more porous [@bb0245] bone cortices. But differences in 2D imaging were somewhat [@bb0250] or little better than aBMD in predicting hip fracture [@bb0255; @bb0260]. Some aspect of age-related hip fragility remained uncaptured by any form of DXA-based assessment, due either to the geometric limitations of 2D DXA, its exclusive focus on mineralisation or its coarse resolution.

This stimulated the application of 3D approaches, made possible by the increasing resolution of computed tomograms of the hip region [@bb0265]. Finite Element Simulation or Analysis (FEA) is an approach to modelling the properties of complex 3D shapes that relies on visualizing the proximal femur as being formed of a large number of contiguous "elements" each with its own material properties. The three steps in FEA are firstly to construct a model in which the geometry is divided into a usually substantial number of elements connected at discrete points called nodes. Some of these nodes are fixed in space while others have prescribed mechanical loads. Typically, special purpose software is used to overlay a mesh onto a 3D scan. This data-set is used as input to solve a series of algebraic linear or non-linear equations relating the externally applied forces and the displacements at each node. Non-linear equations are required if mechanical loading with the potential to induce plastic strain is being investigated because the stress--strain curve in each element affected by plastic deformation is highly likely to be non-linear. Recent studied on the spinal vertebrae have shown considerable promise that FEA modelling surpasses in accuracy DXA-based methods for assessing vertebral fracture resistance [@bb0270]. In the AGES Rejkyavik population-based cohort study, ageing of the individual was associated with loss of Finite Element Analysis (FEA)-assessed strength [@bb0275] of the hip in both stance and falling configurations. This was more rapid in women than men, while contrastingly, hip fracture prediction was improved by FEA more in men than women compared to BMD. In a subsequent analysis of data from the same study, simultaneous FEA assessment of 3D CT scan data both at hip and spine appeared to significantly enhance 2D DXA-based (hip) or 3D trabecular density (spine) predictions of future fracture [@bb0280].

Cortical thinning and fracture mechanics {#s0035}
----------------------------------------

In a third AGES-based analysis, fracture was also associated with thinning of the superior femoral neck cortex [@bb0225]. This finding was supported by two case--control studies [@bb0230; @bb0285], one suggesting that patchy rather than uniform thinning of the supero-lateral cortex could underlie hip fragility [@bb0285]. Fast cine investigation of ex vivo hip fracture has shown that the initiating crack frequently begins in the supero-lateral cortex [@bb0290]. It can be shown mathematically that section modulus of the femoral neck collapses suddenly after the crack becomes macroscopic; the infero-medial cortex, no longer braced by the supero-lateral cortex, then fractures in bending as a secondary event [@bb0070]. If the initial mode of cortical failure is by buckling not crushing, supporting trabeculae may be critical because they have a surprisingly large effect to prevent buckling while having little capacity to prevent crushing [@bb0045; @bb0075; @bb0295].

It is now understood [@bb0300] that local critical stress, in which both the stress experienced by a section of femoral neck cortex and its curvature normal to that stress are important determinants, is a measure of resistance to buckling [@bb0070; @bb0075; @bb0305]. While in vivo CT-based 3D studies modelled with FEA can assess the potential for crushing [@bb0310] of the thinned supero-lateral cortex, realistic predictions of cortical buckling, which has an absolute requirement for non-linear modelling and other refinements to avoid unrealistic stress calculations at the individual voxel level, remain to be incorporated successfully into FEA modelling of hip fracture.

Organisation level 3 {#s0040}
====================

With much of the age-related increased risk of hip fracture unlikely to be explained by whole hip architecture, we must examine age-related changes in properties of femoral neck bone at more microscopic levels. The young person\'s Bone Structural Unit BSU, termed an osteon in cortical bone, contains osteocytes at varying densities ranging from 40 to 90\*10^3^ mm^− 3^ [@bb0315]; lining cells interposed between the matrix and the osteocytes\' source of nutrition; and if it is actively undergoing renewal, osteoblasts and osteoclasts increasing or reducing its mineralized mass. The remodelling BSU is called a Basic Multicellular Unit (BMU) and is supervised by endocrine and possibly sympathetic [@bb0320] pathways. Osteocytes play crucial roles in sensing and initiating responses to mechanical loading by regulating the composition of the mineralized matrix [@bb0325; @bb0330] and deploying a range of local and systemic signals, including nitric oxide [@bb0335], prostaglandins, RANK ligand [@bb0340] and the osteoblast inhibitor sclerostin [@bb0345]. They also regulate plasma phosphate levels, which must be normal to avoid osteomalacia, implicated in a minority of hip fracture cases [@bb0350; @bb0355]. Osteocytic dendrites interconnect with other osteocytes, surface lining cells and the cement line through microscopic canaliculi that track mostly radially across the thickness of most osteons. These canaliculi may play an important permissive role in absorbing the energy associated with microcracks that develop under load [@bb0360], which may occur as a result of neighbouring osteocyte lacunae acting as stress-enhancing "flaws" in the structure of bone tissue. This aspect of function is discussed later.

Increased remodelling and fracture risk {#s0045}
---------------------------------------

Remodelling is increased after menopause in association with reduced oestrogen levels. A typical remodelling cycle, lasting 3 months or more, results in transient fragility since the affected structure is temporarily thinned or made porous. A second general effect of menopause is to alter the balance between formation and resorption towards bone resorption in part at least through apoptosis of osteocytes [@bb0365] which induces osteoclastic activity [@bb0370]. Other effects of estrogen decline include dysinhibition of sclerostin and RANKL signalling [@bb0375]. Together, these observations might explain why a variety of different drugs that reduce markers of bone resorption to young adult levels reduce hip and other non-vertebral fractures [@bb0380] and why the size of this effect may be larger than explained by increased bone density. Another cause of increased remodelling is the secondary hyperparathyroidism associated with reduced vitamin D levels, commonly seen in the elderly. Before it develops into frank osteomalacia with demineralization of bone tissue, this commonly results in accelerated net bone loss, cortical thinning and trabecular fenestration as reviewed by Chavassieux et al. [@bb0385].

In the femoral neck of hip fracture cases, bone remodelling was higher in the main compression cortex in cases than controls [@bb0390] and increased cortical porosity was due to a moderate number of abnormally large canals, formed apparently by the merging of 2 or more osteons. Ageing in men is associated both with increased porosity of the femoral cortex and with increasing stiffness as assessed by acoustic microscopy [@bb0100]. Remodelling osteons in both healthy subjects [@bb0395] and in hip fracture are clustered anatomically [@bb0400], suggesting that cortical remodelling is simultaneously initiated within several capillary branches of a terminal intra-osseous arteriole. New imaging techniques such as synchrotron radiation CT now make it possible to investigate the detailed 3D structure of individual osteons in the femoral cortex and the anatomical relationships between them [@bb0405; @bb0410]. These offer promising new avenues for understanding how conversion of the cortex to trabecular bone, leading to cortical thinning [@bb0415; @bb0420], develops and how osteonal structures might help preserve the toughness of bone once a crack threatens to expand beyond the osteon\'s own territory (see [@bb0425] and below).

The location of this increased remodelling, in the thick anterior and inferior cortices [@bb0390; @bb0430; @bb0435], suggested it was not secondary to fatigue damage. The elderly femoral neck cortex also contains regions of highly mineralized and therefore probably brittle bone or calcified cartilage [@bb0440]. The location of this calcified cartilage as well as its persistence in the face of increased remodelling is puzzling, because of its frequent distance from tendon insertions where hypermineralization is usually found.

Cellular regulation of increased remodelling: BMU and osteon-level effects on strength {#s0050}
--------------------------------------------------------------------------------------

To cause structural weakness, cortical osteoclasts may not need to resorb to an excessive depth. Close clustering of resorbing BMUs allows the breakthrough of osteoclastic resorption from one simultaneously remodelling osteon into another [@bb0430] and may explain the statistical association between clustering of remodelling osteons and the giant canals seen to excess in hip fracture cases. This "breakthrough" resorption is topologically analogous to loss of whole trabeculae after they are resorbed on both surfaces, which is considered to reduce connectivity in cancellous bone and is seen in vertebral osteoporosis [@bb0445]. Tsangari et al. found no evidence for disordered remodelling in inter-trochanteric trabecular bone from hip fracture patients [@bb0450]; but even if a resorbing trabecula remains unperforated, the effect of a resorption pit on its strength can be substantial and unpredictable [@bb0455]. Large magnification finite element studies of the femoral cortex ex vivo are just becoming practical [@bb0460] and van Rietbergen et al. found evidence that the trabecular bone in the osteoporotic proximal femur was subject to higher and more uneven stresses than in control bone, increasing the risk of local mechanical failure [@bb0465].

In trabecular bone, remodelling may occur following strenuous activity, where calculation suggests that in vertebrae microscopic damage might occur [@bb0470]. Tough lamellar bone [@bb0475] replacing the damaged tissue, usually following a preliminary repair by weaker woven bone, can only be formed at a maximum rate of about 10^− 3^ mm/day [@bb0480]. So full repair of a 200 mm\*10^− 3^ thick trabecula following a microfracture typically takes over 8 months.

Organisation levels 4 and higher {#s0055}
================================

Understanding of mechanical breakage was revolutionised nearly a century ago by the celebrated work of Griffiths on crack initiation in materials that can like glass be ruptured by stresses 100-fold lower than those necessary to rupture the atomic bonds they contained [@bb0485]. Yet we have so far followed clinical tradition and considered hip fracture as a macroscopic event, so far hardly considering its origins as a crack at the sub-osteon level, initiating in a microscopic flaw, that enlarges explosively to result in organ failure. Unlike glass, there are multiple microscopic levels of defence against crack enlargement in bone tissue that provide an abundance of mechanisms for absorbing the energy delivered by trauma [@bb0490]. Do these mechanisms deteriorate with age?

Safe engineering practice depends on applying fracture mechanics to the prevention of disastrous crack enlargement [@bb0495]; and this knowledge has inspired several recent reviews considering the basic science of bone quality at sub-BSU and sub-osteon levels of organization [@bb0490; @bb0500; @bb0505]. The possible effects of widespread osteocyte death [@bb0510] on hip fragility are considered later. Here we focus on mechanisms limiting crack growth relevant to human hip fracture.

Microscopic cracks, their development, capture and persistence {#s0060}
--------------------------------------------------------------

Stresses concentrate in a loaded bone at microscopic cavities and notches, risking crack initiation [@bb0515]. Normal mature human femoral bone subjected to cyclic loading develops microcracks that first grow then rapidly decelerate [@bb0520]. This reflects multiple toughening mechanisms that absorb the energy associated with growing cracks. Moreover, each acts without excessive sacrifice of strength [@bb0425; @bb0475]. Their length scales range from the molecular (e.g. reformable bonding of collagen [@bb0525] and cross-links [@bb0530]) through that of the potentially crack-deflecting osteocyte canaliculus (\~ 250 nm diameter) or smaller [@bb0360] to the whole osteon, with its diameter some 1000-fold larger.

Left unchecked, cracks in brittle materials tend to accelerate in a single direction. Deflecting its direction, through as wide an angle as possible, absorbs a crack\'s energy. When the matrix of bone is not homogeneous, a developing crack will experience multiple deflections that sap its energy and its potential to grow into a complete clinical fracture [@bb0535]. So heterogeneity of its material properties is desirable as well as being intrinsic to lamellar bone [@bb0505; @bb0540].

On a larger scale, a high density of osteons might reduce overall tissue density while increasing toughness, simply because osteons absorb or deflect cracks [@bb0545]. Repair of bone sufficiently damaged by the development of an enlarging crack may necessitate remodelling.

Since the supero-lateral cortex of the femoral neck can become as thin as 0.5--1.0 mm in old age [@bb0075; @bb0550], only a few intact cortical osteonal systems capable of crack capture can remain within it. This makes thin cortices, like trabeculae, dependent on the more microscopic crack-capturing mechanisms. Because femoral cortical bone is more liable to crack longitudinally, cracks that start transversely are usually diverted longitudinally (except intriguingly in patients with the sub-trochanteric fractures seen following long-term treatment with anti-resorptive agents [@bb0555; @bb0560]) so that a tendency to cortical splitting, akin to the delamination of plywood, might be the first adverse consequence of a heavy fall onto the greater trochanter.

Unremodelled cracks accumulate with ageing in the femur, notably in women [@bb0565]. Zioupos and Currey found differences between the cracks seen in older and younger cortical bone, with older subjects showing less evidence of crack deflection [@bb0570]. Diab et al. [@bb0575] induced cracking in fatigue tests and showed that older bone formed linear microcracks in preference to diffuse damage with an exponential decrease in fatigue life with age. By analogy with man-made composites, longitudinal splitting, in which cracking occurs parallel to the periosteal surface [@bb0290], must increase the tendency of the supero-lateral cortex to buckle under load [@bb0580]. At the nano-scale level, an additional effect of ageing is that collagen molecules undergo more glycation, which is likely to make bone harder and reduce toughness [@bb0585]. The degree of glycation is in part a function of tissue age, which is relatively high in the femoral cortex at approximately 20 years [@bb0590], and also of circulating levels of glycating sugars. Variations in the molecular nature of collagen cross links may also be influential [@bb0595]. Recent work has contrasted the beneficial effects of enzymatic glycation on bone\'s toughness with the deleterious effects of non-enzymic glycation, which is associated with linear cracking [@bb0600] and has been implicated as a contributing cause of atypical femoral fractures [@bb0605].

Diabetics provide up to 10% of hip fracture cases and have a 1.6 to 1.7-fold increased risk; they suffer osteoporotic fractures of the spine and hip at higher aBMD levels [@bb0610; @bb0615; @bb0620; @bb0625]. The relationship of undercarboxylated osteocalcin on the one hand to carbonate substitution and mineral crystallinity and on the other to adiponectin and the control of blood sugar might reflect a causal relationship between diabetes and reduced material properties. However, advanced glycation end products (AGEs), increased in diabetics and potentially affecting the toughness of bone collagen, are quite strongly implicated in their increased susceptibility to vertebral fractures, which are poorly predicted by aBMD measurements [@bb0630].

Osteocytes and the regulation of bone strength {#s0065}
==============================================

Osteocytes may function collectively as a syncytium [@bb0635], are sensitive to mechanical loading, promote [@bb0340] bone breakdown and regulate its growth [@bb0345], may locally regulate matrix mineralization [@bb0640] and also mobilise calcium [@bb0330; @bb0645] in response to PTH signalling [@bb0650]. Their functions in vertebrates may have evolved with terrestrial living [@bb0655]. The concept that osteocytes function collectively has given rise to the idea that they might form part of a so-called "small world network" [@bb0660], which is a way of efficiently delivering a complex service at low economic cost in systems as diverse as parts of the brain [@bb0665] and large airline networks. Osteocytes, in a small world network, might deliver diverse and complex interactions with other cells and systems such as osteoblasts, osteoclasts, phosphate and calcium homeostasis in both plasma and local bone matrix, etc. Any small world network carries with it a potential risk of systemic breakdown in the event that key elements (e.g. certain osteocytes or groups of osteocytes) became disabled.

Osteocyte ageing and death {#s0070}
--------------------------

Osteocyte death is widespread in the elderly proximal femur, where the average newly entombed osteocyte must wait two or more decades before it is liberated from its bone matrix "prison" by osteoclastic remodelling [@bb0510; @bb0670]. While osteocytes throughout the skeleton are located frequently 0.1 mm or further from the circulation and hence their source of nutrients, osteocyte death is much less prevalent in more actively remodelling bone such as the iliac crest. In the femoral shaft, individual osteocyte lacunae shrink in volume as the subject ages, but the numbers of lacunae in the matrix per unit volume of bone tissue does not change [@bb0675]. Experimentally, Noble et al. showed that bone experiencing reduced loading contained more osteocytes undergoing apoptosis [@bb0680]. When loading exceeded normal limits, rapidly developing micro-damage was also associated [@bb0685] with greatly increased osteocyte apoptosis. This preceded the appearance of florid osteoclastic resorption and remodelling followed by infilling [@bb0680]. Parathyroid hormone (PTH) and oestrogen can also suppress sclerostin, promote osteocyte survival [@bb0365; @bb0690] and encourage a positive remodelling balance through increasing bone formation. Sclerostin is normally secreted by osteocytes and chondrocytes but not by osteoblasts or lining cells [@bb0345; @bb0695; @bb0700] and is likely to modify the local architecture of remodelling bone -- a potential effect that would be lost in bone lacking osteocytes.

Osteocyte apoptosis may not be the most important osteocytic death mechanism in the proximal femur. Long-lived cells depend for their survival on the efficiency of their autophagy mechanisms. Targeted experimental suppression of autophagy, which leads to the premature senescence of osteocytes, results in a premature skeletal ageing phenotype in mice [@bb0705]. It is currently believed that premenopausal rates of remodelling result in healthier, stronger bones. But if remodelling is over-suppressed, eg by prolonged anti-resorptive treatment, the demands this might place on the long-term efficiency of osteocyte autophagy could become unachievable in the proximal femur.

Birth of osteocytes {#s0075}
-------------------

Recent 3D studies of osteocyte densities [@bb0315; @bb0710] are at variance with previous suggestions [@bb0480] that excess pre-osteocytes are formed from osteoblasts in the birth of new BMUs; based on observed osteoblast densities [@bb0715], most if not all have a predestined future as osteocytes based on these new data. The matrix density of osteocytes also becomes reduced as infilling progresses [@bb0315]. Compared to controls, in hip fracture cases full osteonal closure appears prolonged, explaining in part the observed increases in cortical porosity. As the cortical osteon is filled in, osteocytes were confirmed to be embedded at ever declining rates relative to the formation of mineralized matrix in both cases and controls, more so in the former [@bb0315; @bb0720]. In the fracture cases, the proportion of osteocytes expressing sclerostin increased more rapidly with maturation of the osteon [@bb0725] while also expressing nitric oxide synthases (NOS) less frequently [@bb0730; @bb0735]; NOS are involved in osteocytic endocrine signalling [@bb0740]. If ongoing mineralization was observed, it was associated with a higher density of recently embedded osteocytes adjacent to the osteonal canal, yet osteocyte densities adequate by this criterion were rarely achieved in the hip fracture cases [@bb0720].

Other ageing effects affecting bone\'s material properties {#s0080}
==========================================================

Matrix hardening {#s0085}
----------------

Tjhia et al. [@bb0745] compared iliac biopsies from normal and osteoporotic subjects and found group differences between mineral content and nano-indentation-derived measures of hardness and resistance to plastic deformation. For a given mineralization level, hardness and deformation resistance increased with ageing, an effect that was increased in vertebral fracture cases. These increases suggested increased brittleness. In naïve-to-treatment case--control studies of hip fracture there was a small but statistically significant decrease in matrix mineralisation in fracture cases [@bb0750; @bb0755]. However, cases and controls had similar indentation modulus and hardness. This also suggests that the organic phase is stiffer in hip fracture and potentially less tough [@bb0750; @bb0755], consistent with the finding of Norman et al. that reduced mineralization is positively associated with diffuse damage and microcrack density [@bb0760].

Tissue-level and within-osteon heterogeneity {#s0090}
--------------------------------------------

Ciarelli et al. suggested that the variation in mineralization between light and dark lamellae needs to be maintained for crack deflection to be optimal, while the lower levels seen in osteoporotic patients specifically with vertebral fracture may fail to deflect microcracks sufficiently [@bb0765]. In hip fracture cases naïve to anti-osteoporosis treatment, heterogeneity of both the mineral:matrix ratio and carbonate:phosphate ratios were reduced while crystallinity was increased [@bb0770], compared to controls.

Cortical osteons from young people have a steeper gradient of mineralization from the canal to the cement line than in older subjects, with the highest mineralization levels being adjacent to the canal [@bb0775], where the volumetric density of osteocytic nuclei is lowest [@bb0315; @bb0720]. This mineralization gradient may have been the first demonstration of an important source of heterogeneity, but it has yet to be related to the toughness of cortical bone.

Regulation of the size and orientation of mineral crystals: a role for osteocytes? {#s0095}
----------------------------------------------------------------------------------

Kerschnitski et al. applied synchrotron small-angle X-ray scattering in tandem with confocal laser scanning microscopy to the study of bone mineral particles in relation to osteocytic dendrites in their canaliculi. They demonstrated that most ovine bone crystals are less than 1\*10^− 6^ mm from the nearest osteocyte canaliculus and that the degree of regularity in the size and orientation of the crystals is statistically associated with proximity to an osteocytic structure [@bb0710]. Closer proximity was also associated with crystals of better mechanical characteristics.

The concept that the mineral phase provides strength in compression and the organic matrix strength in tension has also been re-examined. The protein matrix contributes to bone\'s integrity especially in tension or shear [@bb0050] and to the measured hardness of bone as assessed by nano-indentation. Gao et al. modelled the mineral platelets aligned in the direction of tensile stress, linked by the protein matrix that experiencing alternating zones of shear and tension [@bb0780]. When the crystals were restricted in length to about 30 nm, crystal imperfections (e.g. arising from inclusions of proteinaceous material within their substance) were of little importance in determining tensile strength. Larger crystals had an increased requirement for perfection. Crystal size grows with tissue ageing [@bb0785] sometimes spectacularly in hip fracture cases [@bb0790]. Gupta et al. showed that the mineral particles observed in bone can survive up to twice the fracture strain seen for bulk apatite [@bb0795]. This might allow healthy bone to avoid crack nucleation, if the mineral particles do not exceed a critical size. The load sharing mechanism between mineral and collagen may result in damage shielding, preventing the fibrils from being exposed to excessive strains. However, osteoporotic human bone showed raised levels of crystallinity and maturity in its mineral phase [@bb0800], which was thought to reduce its resistance to cracking.

Crack reorientation and capture within and between osteons and BSUs {#s0100}
-------------------------------------------------------------------

The cement lines between BSUs and between osteons normally appear densely mineralized [@bb0805] and may provide routes for crack deflection. Lamellae near the cement line and tissue in the immediate vicinity of viable osteocytes are associated with reduced local tissue hardness, but may also be tougher [@bb0810]. The interesting observation by Boyde and Jones that aberrant non-mineralized cement lines may form in elderly bone [@bb0815] needs to be explored further in light of the cement line\'s likely toughening role. Guo et al. have found that crack "capture" by osteons was enhanced by lower levels of mineralisation [@bb0820]. Conceivably, increased remodelling, as is seen in the nearly hip fracture-free Gambians with their low calcium diet and high indices of bone remodelling [@bb0825] might result in tougher but less dense bone tissue due to higher osteocyte survival, less hard matrix and less advanced secondary mineralisation.

Treatment with bisphosphonates reduces the heterogeneity of both mineralization and the carbonate:phosphate ratio; interestingly even without such treatments hip fracture cases have reductions in these ratios [@bb0770]. There is some evidence that these specific types of heterogeneity might reduce proliferation of micro-cracks [@bb0830; @bb0835; @bb0840], crack initiation and fatigue failure [@bb0845; @bb0850]. Renders et al. [@bb0835] who used Finite Element Analysis to simulate trabecular bone under mechanical load, found that increased heterogeneity tended to remove higher strain levels into the interior of the trabeculae, a potentially valuable means for reducing the initiation of dangerous cracks.

Synthesis {#s0105}
=========

Each hip fracture begins as a microscopic crack. The young adult human femur has multiple defences against crack enlargement at varying length scales that finally fail during a hip fracture some decades later. Each line of defence absorbs some of the potential energy delivered to any new or old microscopic crack by moderate trauma, for example a sideways fall to the ground. In doing so these defences collectively reduce the kinetic energy available to the crack, energy that is essential to drive its directional expansion into a clinical fracture. The multiple effects of ageing on the proximal femur progressively increase the likelihood of mechanical failure either by increasing the local strain experienced during the fall or else by reducing the effectiveness of local mechanisms that impede or divert crack growth. To the interactions between these multiply declining safety mechanisms can be attributed the exponential rise in the risk of hip fracture with ageing.

At the macroscopic level, attention has become focused on the regions of the proximal femur that lose cortical thickness or trabecular volumetric density most rapidly [@bb0225]. Analysis of normal first world physical activity patterns suggest that the supero-lateral femoral neck cortex is one of the zones least loaded mechanically. Local cortical bone losses lead to corresponding increases in strain on direct compression in a fall, increasing the likelihood of plastic deformation to the point of catastrophic failure, which might occur with or without buckling of the cortex. Co-existing microscopic age-related changes collectively reduce the toughness of the remaining bone tissue with its capacity to absorb energy by plastic deformation; and they leave tell-tale signatures such as the greater linearity of non-catastrophic cracks that can be observed microscopically [@bb0425; @bb0570].

Recent studies of their morphology and function suggest that embedded live osteocytes have one or more key roles that are relevant to the multiple toughening processes operating at sub-osteon level. They are the only cellular presence in close proximity to the mineral--matrix interface, the mechanical performance of which is now known to be sensitive to variations in matrix and crystal characteristics (such as crystal size and thickness) as well as the interactions between mineral and matrix. Half of all osteocytes die in situ in the normal elderly proximal femoral cortex [@bb0510; @bb0670]; but if osteocytes form a potentially energy efficient and damage-resistant small or single world network [@bb0710], this level of mortality might leave some toughening functions largely intact, provided the minority of osteocytes with the most profuse connections, i.e. those potentially functioning in communications parlance as "hubs", are protected. To investigate further the osteocyte\'s role in avoiding hip fracture requires that functional studies of the osteocyte network be put in the correct 3-dimensional anatomical context. An age-dependent decline in osteocyte lacunar size over the human lifespan [@bb0675] is also suggestive of generally changed function of surviving osteocytes, since progressive maturation is associated with shrinkage in volume and changes in the profile of the bioactive molecules osteocytes express [@bb0325].

To study the propagation of fragility effects in older persons across hierarchical levels requires both experimental and correlative clinical studies. Alongside the study of the most microscopic (Level 4) effects of ageing on bone fragility and toughness, we must also develop better ways to determine modes of hip fracture, e.g. to differentiate crushing from buckling failure of the femoral neck cortex in compression. High-resolution imaging is used to study failure in metal alloys and non-biological composites. If it becomes feasible to image clinically a specific region of weakness e.g. with advanced imaging [@bb0285], it is a matter of elementary anatomy that the proximal femur is very accessible via the percutaneous route if an effective local strengthening treatment, deliverable prior to hip fracture, e.g. under CT control via needle, could be developed.

There is urgency because of the limited impact on public health of current anti-osteoporosis treatments, despite their effectiveness at the individual level. Johannesdottir et al. found that in the ninth decade normal physical activity is insufficient to prevent the supero-lateral proximal femur experiencing fast ongoing cortical thinning [@bb0225]. Simply projecting this thinning trend towards the average woman\'s 100th birthday leads one to expect, if she survives, that the supero-lateral femoral neck cortex could effectively disappear leaving the hip structurally unable to bear her weight in motion. And a century of survival is expected to become tenfold more likely for women born in 1950 compared to those born in 1910 [@bb0855].

Cracking parallel to the periosteal surface in elderly femoral bone to create apparent delaminations is a possibility suggested by the study of failure in man-made composites. These would naturally enlarge further under forces otherwise insufficient to buckle the structure [@bb0580] and might explain why repeated fallers can sometimes suffer hip fractures after falling less violently than on previous occasions when the hip did not break. The long-term consequence of delamination is a potential reduction in the critical buckling stress that might be progressive in a hip subjected to repeated falls. Such a hip might fracture more easily than the amount of cortical and trabecular bone suggests -- a possibility that requires ex vivo study. Indeed, clinicians will soon expect to calculate from clinical CT scans the now measurable [@bb0285] minimum safe thickness of the supero-lateral cortex that will not enlarge the pre-existing cracks known to populate the elderly female femoral cortex [@bb0860]. This may require an understanding of the resistance to buckling provided by the trabeculae to which the cortex is attached [@bb0075]. They will also wish to use novel technology [@bb0280] in trials of hip strengthening interventions, which are providing some encouragement even using older DXA monitoring [@bb0865].

While the risk for hip fracture is partly heritable [@bb0870], the fact that many common genetic variants have modest effects on fracture risk [@bb0875] and that these are pleiotropic [@bb9000] is consistent with the data presented here. The possibility that some reversible aspects of western lifestyles have contributed to the large 20th century increases in age-specific hip fracture risk encourages study of gene--environment interactions.

Conflict of interest {#s0110}
====================

Both authors state that they have no conflicts of interest.

This is based in part on the Charles Dent lecture given to the Bone Research Society Cambridge meeting 2011. The authors acknowledge support from grants from the UK MRC (G9321536 & G0501550), Arthritis Research UK (grant no 17173), ASBMR (Bridge Funding Research Grants Program), BBSRC BB/D004624, NIHR Biomedical Research Centre (Cambridge) and EU FP7 (F2-2008--201099 & 201865).

This is an open-access article distributed under the terms of the Creative Commons Attribution-NonCommercial-No Derivative Works License, which permits non-commercial use, distribution, and reproduction in any medium, provided the original author and source are credited.

Length scales are ordered from largest to smallest because of the potential need to add further scales at the more microscopic levels.

![Caption: Levels of bio-mechanical organisation active in lowering risk of hip fracture in decreasing order of length scale: Level 1 cognitive and societal mechanisms reducing the risk of trauma; Level 2 architectural disposition of bone tissue to optimise strength while preserving gravitational lightness; Level 3 remodelling and renewal of bone tissue- the key role of the osteocyte; Levels 4 and higher-material properties of bone tissue and their resistance to crack propagation.](gr1){#f0005}

![Risk mechanisms arising from ageing-related failures in biological protection against hip fracture. These are classified by length scale aligned with the protective mechanisms seen in younger bone. (Scale) Level 1: failure to avoid sideways falls, involving personal physical decline and societal acceptance of fall risk to preserve personal freedom. Repeated falls might in principle weaken the femoral cortex through the sort of "delamination" mechanisms that can occur in man-made composites and making a fracture more likely at the next fall (see text). Level 2: Thinning of the supero-lateral half of femoral neck cortex leads to risk of its local buckling or crushing under compression in a sideways fall, progressing inevitably to complete intracapsular hip fracture. Level 3: Increased remodelling with simultaneous resorption of several adjacent canals (or trabecular surfaces) can destroy the integrity of bone\'s microstructure if thin bone structures are fenestrated. Here 4 osteons are arrowed: two are undergoing resorption and are about to amalgamate with two others in the resting phase near the periosteal surface of the femoral neck. The walls between osteons are hard to re-create subsequently and the resulting composite osteons have been postulated to constitute the first phase in the gradual "trabecularization" of the femoral neck cortex with ageing [@bb0430]. Level 4: The multiple toughening mechanisms operating at nano- through micro-scale are shown in this cartoon from Launey et al. to which the reader is referred for a detailed explanation [@bb0490]. The known or postulated effects of age-related disease and disabilities to limit the effectiveness of these mechanisms include: exposure to products that glycate collagen, so stiffening it (especially in diabetes mellitus) and e.g. fracturing crack bridges; loss of heterogeneity of mineralization that might otherwise deflect growing cracks with energy absorption; increased crystallinity that might make some abnormally large apatite crystals vulnerable to fracture; loss with cell death or dysfunction of defined low density structures such as osteocyte canaliculi that deflect cracks; (see text).](gr2){#f0010}
